Little is known about the mechanisms which regulate early folliculogenesis and oocyte maturation in the human. The development of culture systems for the maintenance of ovarian tissue in vitro which preserved the integrity of follicles would provide an opportunity to investigate these mechamsms. It would also help us understand how many abnormalities of ovulation arise in vivo.
The potential clinical benefits are profound. Many young women with cancer undergo potentially sterilizing chemo-or radiotherapy treatments. These life-saving therapies all too frequently cause a premature menopause. If ovarian tissue could be cryopreserved before such treatment, the patient's own oocytes could be conserved for future childbearing. Oocytes could be matured and fertilized in vitro before embryo transfer. Some authors also suggest that such preserved ovarian tissue could be autografted once cancer treatment is concluded. It is certainly true that, once the problems of FVM are solved, donated ovarian tissue could provide a rich source of donor oocytes for patients who undergo premature ovarian failure or those with gonadal dysgenesis. Ultimately, in vitro maturation could be useful for many infertile patients undergoing in vitro fertilization (IVF). Currently, IVF patients are treated with large doses of gonadotropins to induce superovulation, with an accompanying risk of ovarian hyperstimulation syndrome. Maturing oocytes in vitro would drastically reduce the amount of exogenous gonadotropin required and avoid such ill effects. It would also result in treatment which is simpler and less invasive, as well as significantly less expensive.
The challenge of IVM
FVM remains a challenge in mammalian species, and has only been achieved with limited degrees of success. In mice, isolated secondary follicles containing 2 or 3 layers of granulosa cells can be cultured to preovulatory stages 1 ; they can be induced to ovulate 2 and oocytes from them fertilised in vitro. A few viable offspring have resulted from such procedures after embryo transfer 3 . A single live mouse has resulted from IVF and embryo transfer after the in vitro growth and maturation of a primordial follicle 4 . In domestic species, production of embryos from oocytes matured in vitro from antral follicles is in commercial use, but success rates are low. Growth of pre-antral follicles from cow, pig and sheep has been achieved to varying extents in culture, but no oocytes from these follicles have been fertilized (reviewed by Telfer et al s ) . Maturation of human oocytes in vitro is a particular challenge. Mouse follicles are small, readily available and have a short maturation span in vitro. In contrast, human follicles are less readily available and the number of follicles decreases markedly with female age. Human ovarian tissue is very tough, with a fibrous stroma and this makes follicle isolation difficult. Most importantly, follicle growth from the primordial stages is thought to take up to 6 months. Once a human pre-ovulatory follicle is obtained, it is difficult to support in vitro because it is a very large structure of around 20 mm in diameter (Fig. I ) 6 . Human folliculogenesis is a lengthy process, encompassing initiation of growth of a cohort of primordial follicles from the resting pool, oocyte growth and granulosa cell proliferation. In the final stages of follicle growth, there is selection and maturation of a single (dominant) preovulatory follicle, with remaining follicles bemg eliminated by atresia (Fig.  I ) 6 . The maturing follicle is responsive to hormones, producing steroids and growth factors, creating a specialized micro-environment for oocyte maturation. As folliculogenesis occurs over a number of menstrual cycles, the follicle is exposed to a continually changing hormonal environment during growth (Fig. 1) . Furthermore, the follicular cells are themselves changing; initially dividing, then differentiating.
During folliculogenesis, the oocyte itself is growing and maturing, attaining the competence to be fertilized and undergo embryogenesis. Oocyte maturation encompasses a number of complex cellular processes 7 " 9 . These include: meiosis; cytoplasmic growth; organelle production and redistribution; stable RNA production to support early embryonic cleavage; nuclear maturation (the acquisition of competence to resume meiosis at the time of antrum formation) and cytoplasmic maturation (with the acquisition of competence for sperm head penetration, decondensation of chromatin and embryogenesis) (Fig. 1) . Oocyte growth and maturation appear to be vulnerable to disruption by environmental insults, nutritional imbalances or hormonal disturbance, and these may lead to chromosomal anomalies or embryo loss 9 . In the human, little is known about the cellular events involved in maturation, how follicle growth is initiated or how follicles are recruited and finally selected for ovulation.
Within the primordial follicle, the oocyte is very small, with a diameter of around 30 um. Following initiation of growth, the oocyte undergoes a 60-fold increase in volume, reaching its full diameter of 120 urn at the time of antrum formation, well before the follicle reaches its full pre-ovulatory size (Fig. I ) 10 . The oocyte is incapable of resuming meiosis until it is fully grown 11 . Oocytes resume meiosis either after the LH surge, or following removal from the cumulus mass. In vivo, follicle size largely correlates with developmental potential 11 , showing that there is a progressive attainment of competence to resume meiosis, undergo fertilization, then complete meiosis and embark on embryogenesis. Oocytes from small follicles are almost invariably incapable of being fertilized. As the follicle increases in size, the oocyte from within it is more likely to be fertilized, cleave, form a blastocyst and implant 11 . Thus, the challenge of IVM is firstly to provide a milieu that reflects the changing environment to which the follicle is exposed, without damaging the oocyte. Secondly, support is needed for the complex cellular changes taking place in the follicular cells and the oocyte. The culture system needs to support a lengthy period of maturation, and the increasing size of the follicle. The ultimate challenge is, of course, to produce an oocyte that is healthy and developmentally competent.
Folliculogenesis
During fetal life, the developing ovaries become populated with primordial germ cells (oogonia), which continue to divide rapidly by mitosis until a few weeks before birth 10 . After this time, no new oocytes are produced. At mid-gestation, there are nearly 7 million germ cells, but this number declines dramatically during late gestation as the majority of oocytes die. Thus a human female is born with all the oocytes she will ever have (approximately 1-2 million), which are not replaced 10 . From early in gestation, many fetal oogonia enter meiosis and progress to the first prophase, where they arrest. These are now termed oocytes. Remarkably, they can remain arrested for up to 50 years until they start growing. At this stage, the oocyte is small (~ 30 urn in diameter) and surrounded by a single layer of squamous 'pregranulosa' cells on a basement membrane. This unit is known as the primordial follicle (Figs 1 & 2A) and resides in the ovarian cortex. The stimulus which initiates growth of the primordial follicle remains unknown. Most follicles in women of all ages are at the primordial stage, although the total number declines with age ( Fig. 2B,C) 10 . From before birth, throughout later childhood, puberty, pregnancy and lactation, there is continual recruitment of small numbers of primordial follicles to start folliculogenesis. This is a lengthy process taking more than 3 months 6 during which the follicle grows and differentiates ( Fig. 1 ). Initiation of growth is thought to be largely gonadotropin independent and continues until the supply of primordial follicles is virtually exhausted, just after the menopause 10 . During the early stages of growth, with the formation of a primary follicle, the granulosa cells become cuboidal m shape and undergo cell division ( Fig. 2A) . Subsequently, the oocyte becomes surrounded by increasing layers of granulosa cells (Fig.  2D) . When the follicle reaches the secondary stage, with two or more layers of granulosa cells (Fig. 2E) , a layer of theca cells differentiates from the surrounding stroma around the follicle, and the oocyte starts to secrete the zona pellucida (Fig. 3) . During this tune the oocyte itself is growing, until it reaches its mature size of about 120 um in diameter 6 . When there are several layers of granulosa cells and the oocyte is fully grown, a fluid filled cavity (the antrum) appears and starts expanding. follicle growth, the rate of cell division in the granulosa population slows down, and these cells differentiate and become steroidogenic, utilizing theca-derived androgen to produce escalating amounts of oestradiol.
At the beginning of each menstrual cycle, there is a group of about 6-11 small antral follicles 6 . One follicle of the group will become dominant and is the one destined to ovulate 2 weeks later. The rest of the group become atretic, and die by apoptosis 6 . The dominant follicle is responsible for about 95% of circulating oestradiol levels in the late follicular phase. When it has reached about 10 mm in diameter, its granulosa cells acquire receptors to luteinizing hormone (LH) -a further marker of differentiation -and this heralds their ability to produce oestradiol and progesterone in response to LH, in the late follicular phase. The pre-ovulatory follicle, which is approximately 20 mm in diameter, consists of a pseudostratified layer of mural granulosa cells surrounding the fluid-filled antrum. The fully grown primary oocyte, surrounded by several layers of cumulus cells is acentrically placed within the antrum and attached to the mural granulosa by a stalk of granulosa cells (Fig. 3) .
The primary oocyte resumes meiotic maturation in response to the onset of the mid-cycle surge of LH. A number of cytological events take place around the time the oocyte resumes meiosis, including organelle redistribution and changes in the interactions between the oocyte and the cumulus. The germinal vesicle breaks down, and the first polar body (containing one of each pair of homologous chromosomes) is extruded. During this time, the previously tightly packed cumulus and corona cells become mucified and expand. The oocyte (now termed a secondary oocyte) is ovulated whilst proceeding to metaphase II of meiosis, where it arrests again, and is only stimulated to complete meiosis at fertilization (Fig. I) 8 .
Techniques to culture human follicles
Defining the culture conditions necessary to support normal folliculogenesis and oocyte maturation provides a powerful new approach to understanding the factors that regulate normal growth and development of a viable oocyte. Initial studies used isolated follicle cells, such as mural granulosa cells from antral follicles, or luteinised granulosa cells from follicular aspirates during oocyte retneval for IVF. However, it is now becoming increasingly clear from studies in other species that the oocyte and the cumulus cells are mutually interdependent when playing out their cellular roles 13 . The oocyte and granulosa cells are reliant on efficient intercellular communication mediated by gap junctions, allowing the passage of nutrients and signalling molecules, such as cyclic adenosine monophosphate (cAMP), between cells. Effective gap junction communication is also thought to be important in the maintenance of the oocyte in meiotic arrest. The follicle needs the oocyte to maintain its structural integrity. It is now apparent that various specialized functions of cumulus cells (such as down-regulation of LH-receptor expression in the pre-ovulatory follicle) are dependent on the presence of the oocyte 14 . Two strategies are being used to mature human oocytes in vitro. The first is to mature fully grown oocytes surgically collected from unstimulated antral follicles during a cycle of fertility treatment. Under the appropriate conditions, the oocyte will resume meiosis, undergo germinal vesicle breakdown, reach metaphase II within 24-48 h and be ready for insemination (reviewed by Cha and Chian 15 ). The second, more challenging approach is to grow primordial and pre-antral follicles in vitro. Two main culture techniques are bemg used which, to a varying degree, maintain the structural integrity of the folh'cle: tissue slice culture 16 " 18 and isolated follicle culture (Fig. 4) 19 -20 .
Tissue slice technique
Currently, the most successful method of maintaining follicular integrity is to initiate growth of small early follicles in slices of ovarian tissue. The main advantage is that oocyte-granulosa-theca-stroma interactions appear to be maintained. A variety of studies have shown that a high percentage of primordial follicles initiate growth in human ovarian cortex 16 " 18 . However, the tissue undergoes necrotic changes after prolonged culture, and a large proportion of follicles die by atresia. Assessing follicular growth in this culture system is only possible using histological techniques, or by assessment of steroidogenesis in response to hormones or growth factors (Fig. 4) .
This approach has been used to initiate growth of primordial follicles in small pieces of ovarian cortex obtained during laparoscopic examination for infertility. They have been grown to pre-antral and, rarely, early antral stages over a 2 week period (Fig. 5) l6~18 . Pieces of ovarian cortex were cultured under a meniscus of medium on extracellular matrix-coated inserts in tissue culture plate wells ( Figs 2F & 4) 16 . Supplementation of a complex medium such as a-MEM with FSH significantly reduced atresia, and it was possible to replace serum with a combination of human serum albumin and a commercial insulin/ transferrin/selenium mix 18 .
Isolation of pre-antral follicles
There are a number of advantages in growing isolated follicles. As the granulosa is avascular, the interior of the follicle is quite anoxic, even in vivo and hence will survive in vitro without a blood supply. Individual follicles can be readily examined, staged and measured during culture. The culture medium can be assessed for the production and uptake of various metabolites (Fig. 4) . Follicle isolation can be carried out by enzymatic digestion, or mechanically. Unfortunately, enzymes strip the theca cells and much of the basement membrane from the follicle. This can be avoided by using mechanical isolation with needles, but the dense fibrous stroma of human tissue makes isolation difficult and time-consuming, resulting in low follicle yields.
Pre-antral follicles have been successfully isolated from large portions of adult human ovaries using enzymes. One technique involves a 1 h exposure of diced tissue to collagenase and DNase at 37°C 21 , followed by a 36 h exposure to half the concentration of enzymes at 4°C. This method gave rise to large numbers of intact pre-antral follicles, although the theca had been lost. Antrum formation was achieved during further culture of these follicles in agar for 120 h, m the presence of FSH. Using this system, it was shown that the pre-antral follicles are responsive to FSH, which reduced atresia and promoted steroidogenesis. Furthermore, these follicles were steroidogenic, producing increasing amounts of progesterone and 17(J-oestradiol, indicating that the granulosa cells were differentiating.
Pre-antral follicles of more than 120 urn in diameter have also been mechanically isolated from human ovary by microdissection, without the use of enzymes 19 . Follicles smaller than 120 \xm in diameter did not survive well in culture. The follicles were cultured in Millicell inserts in a-MEM for up to 4 weeks, with the majority developing an antrum, and the largest follicles reaching a diameter of more than 1 mm. Histological examination showed that they had retained a thin theca layer, although less than 20% contained an oocyte. FSH and LH stimulated growth and antrum formation. These follicles were also steroidogenic, producing increasing amounts of oestradiol as they grew.
Pre-antral follicles have been mechanically and enzymatically isolated from pieces of ovarian tissue that have previously been cultured for a number of weeks. However, during further culture the oocytes were extruded from the isolated follicles in a large number of the cases 17 . Thus, it is possible to culture pre-antral follicles which have been isolated either enzymatically or mechanically to antral stages over a number of weeks (Fig. 5) . The disadvantage of this approach is that the numbers of growing follicles in the ovary are low, whilst there are far more primordial follicles available. However, mechanical isolation of small follicles is difficult due to their small size.
Isolation of primordial follicles
Isolation of human primordial follicles from ovarian cortex has been achieved using collagenase and DNase, followed by mechanical isolation with needles 20 -22 . Using this technique, it was estimated that over 50% of the primordial follicles could be recovered, and that the majority contained viable cells 22 . However, it is currently impossible to maintain follicle integrity for more than 24 h, even in the presence of collagen gel (Fig. 5 ) 20 , oocyte extrusion being a common occurrence.
Small follicle aspiration
Techniques have recently been developed to aspirate small antral follicles (2-10 mm in diameter) transvaginally under ultrasound guidance (Fig. 4 While relatively high proportions of around 60% of GV oocytes from small unstimulated follicles mature in vitro, the proportion that go on to fertilize (< 40%) and cleave (20-25%) is low (Fig. 6) . A short FSH stimulation has been shown to improve maturation rates 31 , and combining the 0 Metaphase II Fertilized Cleaved ) and women who had received FSH priming (filled boxes; 363 oocytes 2 * 29 -3 '). Maturation, fertilization and cleavage rates of oocytes from FSH primed subjects were significantly higher than those from unstimulated cycles (***P < 0.0005, Chi-squared analysis). Maturation rate of oocytes from women with regular cycles were significantly lower than from women with PCO, P < 0.0005.
results from this and two other studies 28 - 29 suggests that FSH priming significantly increases maturation, fertilization and cleavage rates (Fig. 6) .
Until very recently, pregnancy rates after this approach have remained extremely low (between 1-2%) 31 . However, Chian et aP 2 have just reported very encouraging results. In natural cycles, stimulated with a single injection of human chorionic gonadotropin, 10 out of 20 women have had clinical pregnancies from a total of just 25 treatment cycles. Oocytes, collected around the 10-14th day of the cycle were fertilised by ICSI after between 24-48 h in culture, and embryos transferred 2-3 days later.
A cautionary note
The long-term goal of maturing human oocytes in vitro has been partially achieved (Fig. 5) . We now have the ability to initiate the growth of primordial follicles and grow them to pre-antral stages in vitro. It is also possible to support antrum formation in isolated pre-antral follicles. Moreover, oocytes can be matured from aspirated small antral follicles, fertilized and transferred, resulting in live births in a few cases. However, the long maturation span of the human follicle, and its large size and relative inaccessibility remain substantial problems. The development of strategies to mature oocytes from primordial right through to the preovulatory stages remains our greatest challenge. Any clinical application needs to be approached with considerable caution.
In domestic species, in vitro culture of embryos, particularly after IVM, leads to a high proportion of fetuses with 'large offspring syndrome' (reviewed by Young et aP 3 ). They are characterised by being abnormally heavy at birth. Such fetuses have an increased abortion rate, an increased length of gestation and phenotypic abnormalities are not infrequent. While it has been demonstrated that it is possible to mature oocytes from primordial and pre-antral follicles in the mouse, very few live-born young have been produced. The mouse derived from an in vitro matured primordial follicle developed liver and neurological defects and became excessively obese. Thus extreme caution must be exercised in the development of this technology for clinical application. However, defining the culture conditions necessary to support normal foUiculogenesis and oocyte maturation will provide a powerful new approach to understanding the factors that regulate normal growth and development of a viable oocyte.
